The molecular architecture of developing serotonin (5HT) neurons is poorly understood, yet its determination is likely to be essential for elucidating functional heterogeneity of these cells and the contribution of serotonergic dysfunction to disease pathogenesis. Here, we describe the purification of postmitotic embryonic 5HT neurons by flow cytometry for whole-genome microarray expression profiling of this unitary monoaminergic neuron type. Our studies identified significantly enriched expression of hundreds of unique genes in 5HT neurons, thus providing an abundance of new serotonergic markers. Furthermore, we identified several hundred transcripts encoding homeodomain, axon guidance, cell adhesion, intracellular signaling, ion transport, and imprinted genes associated with various neurodevelopmental disorders that were differentially enriched in developing rostral and caudal 5HT neurons. These findings suggested a homeodomain code that distinguishes rostral and caudal 5HT neurons. 
Introduction
Genetic perturbation of embryonic brain serotonin (5HT) neuron gene expression causes developmental alterations in numerous rodent behaviors (Hendricks et al., 2003; Hodges et al., 2008; Lerch-Haner et al., 2008) and is thought to significantly contribute to susceptibility of human emotional and stress-related neurodevelopmental pathogenesis in adulthood (Ansorge et al., 2007) . Evidence in support of these ideas is primarily derived from the study of genes encoding the rate-limiting biosynthetic enzyme tryptophan hydroxylase 2 (TPH2), the 5HT transporter (Sert), and the serotonin 1a autoreceptor (Leonardo and Hen, 2006; Holmes, 2008; Le François et al., 2008) . As these proteins operate in complex networks of poorly defined cellular regulatory pathways (Prasad et al., 2005) , many other genes are likely to be important for serotonergic function, and many of them may be relevant to human mental disease pathogenesis. Yet their identity is largely obscure in part because of a lack of an approach to isolate 5HT neurons for comprehensive gene expression profiling of this CNS cell type.
Gene expression profiles of 5HT neurons may be complex despite their common monoaminergic character if, as is evident, these cells are heterogeneous. 5HT neurons can be distinguished according to their axonal trajectories and physiological properties (Beck et al., 2004; Kocsis et al., 2006) . Rostral 5HT neurons, born anterior to rhombomere 4 (r4) give rise to ascending axonal projections, which modulate circuitry needed for emotional responses, circadian rhythms, and energy balance (Lucki, 1998; Sodhi and Sanders-Bush, 2004) . A caudal cluster, posterior to r4 gives rise to descending pathways, which modulate a diversity of physiological processes including cardiorespiratory homeostasis, thermoregulation, and nociception (Mason, 2001; Erickson et al., 2007; Zhao et al., 2007; Gargaglioni et al., 2008; Hodges et al., 2008) . Differences in progenitor identities (Jacob et al., 2007; Lillesaar et al., 2007) , extrinsic signaling dependencies (Ye et al., 1998) , transcription factor requirements (Hendricks et al., 2003) , and distinct rhombomere-specific neuron sublineages (Jensen et al., 2008) suggest complexity in rostrocaudal serotonergic differentiation programs that generate these cells. These potentially distinct programs may direct different patterns of 5HT neuron gene expression and account for the diversity of behaviors and physiological processes under serotonergic modulation as well as the large number of neuropsychiatric disorders in which seroto-nergic dysfunction has been implicated (Holmes, 2008) . Few genetic markers distinguish differentiated 5HT neurons, however, and therefore their molecular differences are poorly defined.
Whole-genome profiling is a powerful approach for analysis of molecular complexity in CNS neuronal and glia cell types and the developmental programs specifying their diversity (Sugino et al., 2006; Cahoy et al., 2008) . Here, we report a purification protocol for enrichment of embryonic postmitotic 5HT neurons followed by microarray analysis of 5HT neuron gene expression profiles. Our microarray, verification, and bioinformatics studies identify several hundred genes and many biological pathways whose expression distinguishes rostral and caudal 5HT neurons. Our transcriptome datasets provide an abundance of new markers to enable molecular classification of 5HT neuron subtypes and a rich resource for identification of new serotonergic genes of potential relevance to mental disease pathogenesis.
Materials and Methods
Transgenic mice. ePet-EYFP mice were generated in a C57/SJL background. Embryos were genotyped either by PCR with primers 5Ј-GAA CTC CAG CAG GAC CAT GT-3Ј and 5Ј-TAT ATC ATG GCC GAC AAG CA-3Ј or by a fluorescence dissecting microscope.
Dissection of ePet-EYFP ϩ neural tubes. Pregnant mice [embryonic day 0.5 (E0.5) defined as the morning of plug formation] were killed by cervical dislocation in accordance with Institutional Animal Care and Use Committee regulations. E12.5 embryos were removed from uteri into ice-cold L15 media (Invitrogen). Hindbrains were dissected and visualized under an inverted fluorescent dissecting microscope to identify ePet-EYFP ؉ transgenics. A nontransgenic embryo was identified and processed simultaneously as a negative control to gate for background fluorescence on the cell sorter. Hindbrains were dissected into rostral and caudal regions using the absence of YFP fluorescence in rhombomere 4 as a landmark. Specifically, the neural tube was isolated from the mesencephalic flexure to the spinal cord and cut at the pontine flexure to separate rostral and caudal hindbrain regions (see Fig. 2 A) .
Cell dissociation. Rostral and caudal hindbrains were enzymatically digested in 1ϫ trypsin-EDTA (Invitrogen) diluted in Ca 2ϩ/ Mg 2ϩ -free DPBS (Invitrogen) at 37°C for 17 min. Tissues were washed three times in icecold Leibovitz L15 media (Invitrogen). Samples were resuspended in L15 containing 0.1% BSA (Invitrogen) and 0.1 g/ml DNase (Sigma) and then mechanically dissociated by gentle trituration with a fire-polished glass pipette to create a single-cell suspension. Cells were pelleted and resuspended in L15 containing 0.1% BSA.
Flow cytometry. Cells were passed through a 40 m filter and immediately sorted on a Becton Dickinson FACS Aria digital cell sorter equipped with an argon laser providing excitation of 200 mW at 488 nm. YFP fluorescence was detected with the standard FL2 filter set (560 nm dichroic, 585/42 nm bandpass). Sort pressure was 35 psi with an 85 m nozzle tip driven at 39.5 kHz. Maximum event rate was conservatively limited to 5000/s. Forward scatter height versus width gating was used to eliminate aggregates. YFP fluorescent cells were identified by characteristic red versus orange fluorescence and were sorted directly into tubes containing Trizol (Invitrogen) for subsequent RNA extraction or into L15 media for confirmation of sort purity. A typical sort with 4 -5 transgenic embryos at E12.5 yielded ϳ45,000 rostral YFP ϩ and 30,000 caudal YFP ϩ 5HT neurons. Using this protocol, we collected ϳ200,000 cells for each of the four cell groups to be profiled:
, and C Ϫ (caudal YFP Ϫ ). RNA isolation, amplification, and microarray hybridization. Total RNA was isolated after the addition of tRNA as carrier and RNA quality was inspected with a Bioanalyser 2100 (Agilent). One-round amplification was performed using the MessageAmp II Kit (Ambion). In vitro transcription with biotin incorporation (Bioarray High Yield RNA Transcript Labeling, Enzo) was used to generate cRNA probes. The quantity of cRNA was measured by Nanodrop 1000 (Nanodrop Technologies). Ten micrograms of cRNA for each cell type were fragmented and hybridized overnight at 42°C to Affymetrix whole-genome arrays (Mouse Genome 430 2.0). Each Affymetrix 430 2.0 array contains 45,037 oligonucleotide probe sets, which represent 20,832 unique genes. After hybridization, the chips underwent stringency washes in a Genechip Fluidics Station (Affymetrix) and were scanned at high resolution (Affymetrix High Density GeneChip Scanner 3000). Three biological replicates from different litters, independent FACS isolation, amplification, and hybridization were performed to assess reproducibility. DAT files were later used to generate CEL files. Affymetrix GCOS using MAS 5.0 statistical algorithms was used to convert CEL files into Excel spread sheets. Standard quality assessment procedures were performed for all hybridizations according to Affymetrix recommendations.
Microarray data processing. Present/Absent calls for each probe set were calculated with Affymetrix MAS 5.0 package of Bioconductor (Reimers and Carey, 2006) . Default parameters were used for the calculation. CEL files from 12 chips were normalized using the Robust MultiChip Averaging (RMA) algorithm as implemented in Bioconductor (Reimers and Carey, 2006) .
Multiple-group comparison and hierarchical clustering. The ANOVA test in the Limma package (Smyth, 2005 ) was used to identify probe sets that were differentially expressed across the four test groups. The p values generated from the ANOVA test were further adjusted using the Benjamini and Hochberg correction (Benjamini and Hochberg, 1995) . In this comparison, differentially expressed probe sets were selected based on two criteria: (1) adjusted p values Ͻ0.001, and (2) at least a twofold change between the groups with highest and lowest average expression values. Hierarchical clustering analysis (Eisen et al., 1998) was then applied to the selected probe sets. Average linkage was used in the clustering analysis with Pearson's correlation coefficient as the similarity measurement.
Pairwise comparisons. For pairwise comparisons, the t test in the Limma package was used to identify differentially expressed probe sets between the two groups under comparison. The implementation of t test in Limma uses an empirical Bayes method to moderate the SEs of the estimated log-fold changes. This results in more stable inference and improved power, especially for experiments with small number of arrays. The p values generated from the t test were further adjusted using the Benjamini and Hochberg correction (Benjamini and Hochberg, 1995) to account for multiple comparisons. An adjusted p value of 0.01 (i.e., 1% false discovery rate) was used to select differentially expressed probe sets.
Knowledge-guided gene set-level analysis. We used the mixed models approach (Wang et al., 2008) to assess coordinated changes of genes at the gene set level in serotonin neurons. Gene sets derived from the Gene Ontology (GO) were downloaded from the Molecular Signatures Database (MSigDB) (http://www.broad. mit.edu/gsea/msigdb/index. jsp). For each gene set, this approach compares the average gene expression levels of the two groups (e.g., serotonin neurons vs nonserotonin neurons) for gene sets versus other genes while controlling for correlations between genes. Mixed models analysis uses continuous evidence from each gene so that the results do not depend on any significance cutoff for single genes as in conventional overrepresentation analysis. It was shown to have more favorable statistical properties compared to traditional gene set analysis methods (Wang et al., 2008) . Because many gene sets were examined, to control for the rate of false-positive findings by chance, we adjusted nominal p values using Bonferroni correction.
Double-label in situ hybridization/immunohistochemistry. DIG-labeled antisense probes were synthesized with digoxigenin-11-UTP according to the manufacturer's instructions (Roche). Tissues were fixed with 4% paraformaldehyde overnight and then cryoprotected in 30% sucrose. Ten to twenty micrometer cryostat sections were collected on Superfrost Plus slides (Fisher). Sections were fixed again for 5 min, washed three times with 1ϫ PBS, treated with proteinase K (1 g/ml) for 3 min, washed three times with 1ϫ PBS, acetylated in 0.35% (v/v) acetic anhydride at room temperature in 100 mM triethanolamine pH 8.0 for 10 min, and then rinsed three times in 1ϫ PBS. Sections were prehybridized for 1 h at room temperature in hybridization buffer (50% deionized formamide, 5ϫ SSC, 5ϫ Denhardt's solution, 250 g/ml Baker's yeast tRNA, 500 g/ml salmon sperm DNA). Probe was diluted 1:100 in hybridization buffer and applied to slides, which were then sealed with Hybrislip coverslips (Grace Biolabs). Hybridization was performed overnight at 65-68°C. The next day coverslips were removed in 5ϫ SSC. Sections were then washed for 2 h in 0.2ϫ SSC at 65-68°C. Sections were then equilibrated in 1ϫ B1 (100 mM Tris, pH 7.4, 150 mM NaCl) for 10 min, blocked for 1 h in 10% heat-inactivated goat serum diluted in B1, and then incubated overnight at 4°C with sheep anti-DIG-alkaline phosphatase-conjugated Fab fragments (Roche) diluted 1:5000 in blocking buffer. The next day slides were washed 3 ϫ 15 min in 1ϫ B1, equilibrated in freshly prepared B2 (300 mM Tris, pH 9.5, 300 mM NaCl, 150 mM MgCl 2 ) for 10 min, and then developed in chromogen solution containing 340 g/ml NBT, 180 g/ml BCIP, and 240 g/ml levamisole (all Sigma) in B2 at room temperature for 2-16 h. For double labeling, slides were washed 3 ϫ 5 min in 1ϫ PBS, blocked 1 h in 10% goat serum in 1ϫ PBST, and incubated with anti-rabbit GFP (Clontech) at 1:1000 overnight at 4°C. Sections were then washed 3 ϫ 5 min in 1ϫ PBS and incubated with a 1:1000 dilution of biotinylated goat anti-rabbit IgG antibody for 2 h at room temperature. Horseradish peroxidase staining was performed using the avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector Laboratories) and SigmaFast DAB tablets (Sigma). Sections were dehydrated through graded ethanols and xylene and coverslipped with DPX (Electron Microscopy Sciences).
Immunohistochemistry and antibodies. Immunohistochemistry was performed on 20 m cryostat sections from embryos that were fixed in 4% PFA for 1-2 h and then cryoprotected in 30% sucrose. Pan-engrailed antiserum was a gift from Alexandra Joyner (Sloan-Kettering Institute). Hox antibodies were a gift from Thomas Jessell (Columbia University Figure 2 . Purification and expression profiling of rostral and caudal 5HT neurons. A, E12.5 ePet-EYFP neural tubes were dissected and incisions made at the mesencephalic flexure, pontine flexure, and spinal cord to separate the rostral and caudal domains. B, Single-cell suspensions of rostral and caudal neural tubes were subjected to FACS. EYFP ϩ cells were collected in gate P7 (top) and nonfluorescent cells were collected in gate P8 (bottom). The fluorescent and nonfluorescent fractions were separated by one log unit to ensure pure populations for gene expression profiling. C, Sorting efficiency was verified by examining purified cells under fluorescence (top) and phase-contrast (bottom) microscopy. D, RNA was isolated from rostral YFP
, and caudal YFP Ϫ (C Ϫ ) sorted cells and then assayed by Taqman RT-PCR for two known 5HT neuronspecific genes, Fev and Tph2. E, Total RNA from 200,000 sorted cells each for rostral 5HT YFP
, and caudal non-5HT (C Ϫ ) was used for one round of amplification to generate cRNA probes. F, G, Enriched expression of well established highly expressed (F ) and more moderately expressed (G) markers of 5HT neurons were detected in R ϩ and C ϩ neurons by microarray hybridization. The y-axis equals the gene expression level determined by MAS 5.0. Error bars represent SEM. Scale bars: A, C, 100 m.
Medical Center). Pan-Meis antibody was a gift from Steve O'Gorman (Case Western Reserve University). Dilutions were 1:8000 for rabbit anti-HoxA3, 1:5000 for rabbit anti-HoxC4, 1:1000 for rabbit anti-panMeis, and 1:100 for rabbit anti-pan-engrailed antibodies. Goat antirabbit Texas Red secondary antibody (Jackson ImmunoResearch Laboratories) was used at 1:400.
Confocal microscopy. Twenty to thirty micrometer sections were imaged on a Zeiss LSM 510 Meta confocal microscope. For z-stacks, images were collected every 2-3 m and compressed using Zeiss LSM Image software.
Taqman 
Results

Purification and gene expression profiling of embryonic rostral and caudal 5HT neurons
The ePet-EYFP transgenic mouse line expresses enhanced yellow fluorescent protein (EYFP) specifically in adult 5HT neurons (Scott et al., 2005) . To determine whether this line would be suitable for identification and purification of embryonic 5HT neurons we determined the pattern of EYFP expression in the developing hindbrain. Both rostral and caudal embryonic 5HT neurons and their axons could be readily visualized by expression of YFP in the ePet-EYFP line ( Fig. 1 and data not shown). YFP was colocalized with 5HT immunoreactivity but was not detected elsewhere in the hindbrain ( Fig. 1 B-D and data not shown) consistent with endogenous Pet-1 expression (Hendricks et al., 1999) . As expected, there was an absence of EYFP fluorescence in rhombomere 4 where 5HT neurons are not generated (Fig. 1 A) . Thus, the embryonic expression pattern of the ePet-EYFP line indicated that it could be used for identification and purification by flow cytometry of differentiating 5HT neurons from the rostral and caudal hindbrain.
We chose to profile gene expression at E12.5 when 5HT neurons are actively differentiating and cell migration and axon pathfinding are underway. At this developmental stage virtually all rostral 5HT neurons have differentiated (Pattyn et al., 2003) . However, in the caudal hindbrain 5HT neuron differentiation is not yet complete at E12.5 and therefore the serotonergic cells at this stage are a mixture of postmitotic precursors and mature 5HT neurons. Rostral and caudal hindbrain domains were dissected from E12.5 ePet-EYFP embryos (Fig. 2 A) , dissociated with trypsin digestion and triturated in preparation for flow cytometry. For each sort (Fig. 2 B) , we also collected rostral YFP Ϫ (R Ϫ ) and caudal YFP Ϫ (C Ϫ ) reference cells, which comprise primarily neighboring hindbrain motoneurons and interneurons. The purity of sorted R ϩ and C ϩ neurons was analyzed by examining a portion of the cells under fluorescence and phase contrast microscopy to determine the number of cells that were also YFP ϩ ( Fig. 2C ). Approximately 98% of rostral and caudal cells were YFP ϩ using our sorting parameters. We confirmed the purity of our sorted 5HT neurons by assaying for the expression of Fev (Pet-1) and Tph2, two genes whose expression in the CNS is restricted to 5HT neurons. Taqman real-time reverse transcription (RT)-PCR analyses of R ϩ , C ϩ , R Ϫ , and C Ϫ total RNAs showed at least a 10-fold enrichment of Fev and Tph2 in R ϩ and C ϩ relative to R Ϫ and C Ϫ (Fig. 2 D) . Probes ( Fig. 2 E) were generated from 200,000 sorted rostral and caudal YFP ϩ cells and hybridized to Affymetrix 430 2.0 arrays. These hybridizations were used to generate present/absent (P/A) calls as described in the Materials and Methods. An annotated master list of expression signals and P/A calls for all 12 array profiles is presented in Dataset 1 (available at www.jneurosci.org as supplemental material). The data discussed in this publication have been deposited in the NCBI Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE19474 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭ GSE19474). We first analyzed our dataset to confirm that known serotonergic genes were reproducibly detected. The arrays confirmed the enriched expression of 15 known serotonergic genes in R ϩ and C ϩ relative to R Ϫ and C Ϫ (Fig. 2 F , G) . Average signal intensities for these known 5HT neuron expressed genes ranged from 15,154 for probe set, 1435750_at, representing the GTP cyclohydrolase feedback regulator (Gchfr) to 335 for one of the probe sets, 1442676_at, that represents monoamine oxidase A (MaoA). We note, however, that our array studies failed to detect expression of some genes known to be expressed in 5HT neurons such as those encoding the htr1b receptor and ␣1b adrenergic receptor. The reason for these discrepancies is unclear but may reflect immature levels of expression at E12.5. Nevertheless, the detection of the majority of the traditional 5HT neuron markers further indicates that the process of hindbrain dissociation and flow cytometry did not result in qualitative changes in the phenotype of these purified cells and therefore supports strong confidence in our approach for discovery of serotonergic gene expression.
We next analyzed the array data to assemble 5HT neuron gene expression profiles. 5HT neuron development and function depends on the activity of broadly expressed genes such as housekeeping genes as well as genes whose expression is highly selective for 5HT neurons such as Fev or TPH2. Thus, our first goal was to assemble a list of all genes expressed in E12.5 5HT neurons without consideration of their possible enrichment in R ϩ and C ϩ cell groups. We based our conservative estimate of the number of unique genes expressed in E12.5 5HT neurons on the number of probe sets in Dataset 1 (available at www.jneurosci.org as supplemental material) whose expression was reproducibly detected at a selected minimum threshold signal intensity level. Expression of a probe set was considered reproducibly detected if it was scored as present (P) in all three biological replicates of R ϩ or C ϩ profiles. The threshold signal intensity was set to the level of signal intensity for monoamine oxidase A probe set 1442676_at, whose mean expression level (335) was lowest of all probe sets for known serotonergic genes (Fig. 2G) . Using these criteria, we estimated 12,559 probe sets were expressed in R ϩ C ϩ cells, which corresponds to 8186 individual genes, 866 RIKEN cDNAs and 435 ESTs. A database of E12.5 5HT neuron expressed genes with respective mean signal intensity levels in R ϩ and C ϩ is available in Dataset 2 (available at www.jneurosci.org as supplemental material). A search of the Allen Institute Brain Atlas (Ng et al., 2009) revealed 250 genes with a TPH2-like expression pattern in the adult brain (supplemental Table S1 , available at www.jneurosci. org as supplemental material). We detected expression of 155 of these genes in R ϩ and C ϩ , indicating that many but not all TPH2-like genes initiate expression during embryogenesis.
A major aim of this study was to identify new potential transcriptional determinants of 5HT neuron development. Therefore, we searched our list of 5HT neuron expressed genes according to protein molecular function and identified Ͼ800 genes encoding DNA binding proteins (supplemental Table S2 , available at www.jneurosci.org as supplemental material). The complex innervation patterns of serotonergic axons that initiate around E12.5 led us to search for genes encoding axon pathfinding/cell adhesion molecules and 191 such genes were identified as expressed in R ϩ and C ϩ (supplemental Table S3 , available at www.jneurosci.org as supplemental material). Finally, the neurochemically rich afferent input to 5HT neurons and the prominent role of the 5HT system in maintenance of homeostatic states prompted a search for genes encoding ion transport proteins, receptors and kinases. These searches uncovered 65 ion channel genes (supplemental Table S4 , available at www.jneurosci.org as supplemental material), 118 solute carrier genes (supplemental Table S5 , available at www. jneurosci.org as supplemental material), 38 G-protein-coupled receptors (supplemental Table S6 , available at www.jneurosci.org as supplemental material), and 175 unique kinases (supplemental Table S7 , available at www.jneurosci.org as supplemental material) expressed in R ϩ and C ϩ .
5HT neuron-enriched gene expression
We next sought to determine differentially expressed genes in our four groups of profiled cell populations. Using the ANOVA test, we found 1806 probe sets that were differentially expressed across the four groups based on the criteria described in the Material and Methods. Unsupervised hierarchical clustering was applied to reveal clusters of biological samples and clusters of genes with similar expression patterns (Fig. 3) . As shown in the dendrogram in Figure 3A , two distinct sample clusters were identified that correspond to the serotonergic and nonserotonergic cell groups we examined. Interestingly, the six serotonergic profiles sorted into two subclusters that correspond to the rostrocaudal origins of serotonin neurons, thus providing the first clear indication of large gene expression differences in rostral and caudal serotonin neurons. Not surprisingly, however, rostral and caudal serotonin neurons were more similar to each other than to nonserotonergic neurons from the same rostrocaudal level, while profiles of rostral and caudal nonserotonergic neurons were more similar to each other than to those of serotonergic neurons. Biological replicates for each of the different cell groups showed the highest similarities in gene expression patterns, thus further demonstrating the high reproducibility of our overall profiling method.
Hierarchical clustering of the genes revealed eight distinct gene expression clusters (I-VIII) that segregated according to serotonergic identity and rostrocaudal positions (Fig. 3B) . Clusters I-V comprise unique profiles of ϳ800 transcripts differentially enriched in R ϩ and C ϩ serotonin neurons, while clusters VI-VIII comprise transcripts enriched in R Ϫ and C Ϫ nonserotonergic reference cell populations.
We systematically examined each of the five serotonergic clusters to identify prominent molecular features of 5HT neuron transcriptomes. Cluster I is comprised of 317 probe sets corresponding to 274 unique transcripts enriched in both rostral and caudal 5HT neurons (supplemental Table S8 , available at www.jneurosci.org as supplemental material). Only 13 of these genes have been shown by the Allen Institute to have a TPH2-like expression pattern in the adult brain. Further filtering of the cluster I list to exclude additional known serotonergic genes revealed 250 new genes with severalfold enrichment in R ϩ and C ϩ cells, thus validating our approach for discovery of 5HT neuron gene expression in the developing hindbrain (Table 1) . Several of these potential new markers of developing 5HT neurons have well defined functions in other neural and non-neural cell types, while the function of others have not been elucidated.
Because of our interest in genes controlling 5HT neuron development, we focused our enrichment verification studies primarily on genes encoding known and putative transcriptional regulators. The genes we selected for confirmation spanned the full range of probe set signal intensities (1350 -15,000) (supplemental Table S8 , available at www.jneurosci.org as supplemental material). Taqman RT-PCR (Fig. 4A) confirmed the highly enriched expression of the zinc finger factor, Zcchc12, which is also known as Smad-interacting zinc finger protein (Sizn1) and whose known sequence variants are associated with mental retardation (Cho et al., 2008b) . Zcchc12 is an X-linked gene that has been shown to promote cholinergic transmitter phenotype by stimulating bone morphogenetic protein-dependent regulation of choline acetyltransferase and vesicular acetylcholine transporter genes in basal forebrain cholinergic neurons (Cho et al., 2008a) . These known functions raise the possibility that Zcchc12 also regulates serotonergic neuron neurochemical properties. Rnf112 (also known as Zfp179 or Znf179) is thought to encode a zinc finger transcription factor (Seki et al., 1999) . We verified Rnf112 enrichment in rostral and caudal 5HT neurons by Taqman RT-PCR (Fig. 4 A) . The Rnf112 gene maps within the common chromosomal 17p11.2 duplicated region that is responsible for Potocki-Lupski syndrome (PLS) (Kimura et al., 1997) . This syndrome is characterized by neurodevelopmental and behavioral phenotypes including anxiety and autism spectrum features (Potocki et al., 2007) . We confirmed expression of some other genes exhibiting more modest enrichment in R ϩ and C ϩ . For example, Tox (thymocyte selection-associated high mobility group box) is a gene required for T-cell maturation and is also strongly expressed in the developing cingulate and motor cortex of the E16 mouse brain (Mühlfriedel et al., 2007) . We found a 3.0-fold enrichment of Tox expression in R ϩ and C ϩ by array analysis and a similar level of enrichment was also detected by Taqman assays (Fig. 4 A) . RIKEN cDNA 1700042O10RIK, showed a 20-fold enrichment in R ϩ C ϩ by array detection and 30-fold and 150-fold enrichment in R ϩ and C ϩ , respectively, by Taqman RT-PCR (Fig. 4 B) . Interestingly, 1700042O10RIK encodes a noncoding RNA of unknown function whose gene is embedded in the dopa decarboxylase gene but on opposite strands. This finding raises the intriguing hypothesis that 1700042O10RIK RNA is a novel regulator of ddc transcription in 5HT neurons by a cis-antisense mechanism. We also verified expression of other genes whose functions cannot be predicted by homology comparisons. RIKEN cDNA 2010204K13RIK encodes a predicted single transmembrane 83 amino acid protein and was enriched 10-fold in both R ϩ and C ϩ . In addition, we confirmed the strong expression of EST AW551984 by both Taqman RT-PCR (Fig. 4 B) and double-label in situ hybridization (Fig. 4C) . Confirmation of the 5HT neuron-specific expression of these uncharacterized protein-coding genes suggests novel proteins carry out functions specifically in 5HT neurons. FoxP1, a forkhead domain transcription factor, is required for motoneuron diversity and ultimately the development of spinal cord motor circuitry (Rousso et al., 2008) . We found a 2.1-fold enrichment of FoxP1 in R ϩ and C ϩ . Immunohistochemical detection of FoxP1 indicated that FoxP1 protein was expressed by a large number of both rostral and caudal 5HT neurons at E12.5 (Fig. 4 D-F ) . Altogether, the verified highly enriched expression of these genes in R ϩ and C ϩ suggests new candidate regulators of 5HT neuron development.
Gene ontology and pathway enrichment in 5HT neurons
The distinct gene expression profiles detected in 5HT neurons versus reference nonserotonergic cell types suggest 5HT neurons may selectively use particular signaling and biological pathways. We used our recently developed parametric approach (Wang et al., 2008) based on mixed linear models to search for enrichment of sets of genes that operate together in a common signaling pathways or are associated with GO categories: molecular function, biological process, and cellular component. We queried gene sets for canonical pathways and gene ontology terms in the MSigDB collection. Because many gene sets were examined, to control for the rate of false-positive findings by chance, we adjusted nominal p values using Bonferroni correction. We identified highly significant enrichment of numerous gene sets for canonical pathways and GO categories in R ϩ C ϩ profiles relative to reference R Ϫ C Ϫ profiles (Table 2 ; see Dataset 3, available at www.jneurosci.org as supplemental material), which suggests that 5HT neurons perform a variety of specialized functions. Enrichment of numerous gene sets associated with peptide processing is consistent with the known peptidergic activity of some 5HT neurons and further reveals the molecules that may be required for use of these peptides as serotonergic signals. A large number of gene sets associated with ion transport and G-protein-coupled receptor pathways may reflect the complexity of afferent signaling systems regulating 5HT neuron activity and is consistent with the idea that cell surface channels and receptors are a major determinant of cell type heterogeneity in the nervous system (Doyle et al., 2008) .
Finally, our analyses identified nine significantly enriched gene sets associated with lipid and specifically sphingolipid (SL) metabolism in R ϩ and C ϩ compared to reference groups R Ϫ and C Ϫ (Table 2) . SLs have been suggested to influence many aspects of nervous system development including neuronal proliferation, differentiation and axonal growth, and synaptic vesicle exocytosis (Colombaioni and Garcia-Gil, 2004; Darios et al., 2009) . Ceramide has been shown to promote axonal growth and branching in cultured hippocampal neurons (Schwarz and Futerman, 1997) . We speculate that serotonergic enrichment of SL metabolic pathways during the period of 5HT neuron maturation may be required to support the exuberant and complex axonogenesis and collateralization that must occur for proper development of this transmitter system.
Rostral 5HT neuron transcriptome landscape
The segregation of several hundred R ϩ or C ϩ expressed genes into four additional clusters (clusters II-IV) suggested previously unrecognized deep molecular heterogeneity in these two groups of embryonic 5HT neurons. We, therefore, examined these clusters individually to identify molecular signatures that distinguish rostral and caudal 5HT neurons.
Cluster II (Table 3) is comprised of 94 probe sets corresponding to 84 unique transcripts enriched in R ϩ (supplemental Table  S9 , available at www.jneurosci.org as supplemental material). This list revealed the highly enriched expression of two genes, Hmx2 (Nkx5.2) and Hmx3 (Nkx5.1), encoding related homeodomain proteins in R ϩ with little or no expression detected in C ϩ . Taqman RT-PCR confirmed the enriched expression of both Hmx2 (80-fold) and Hmx3 (120-fold) in R ϩ (Fig. 5A) . In situ hybridization double-label immunohistochemistry at E12.5 demonstrated that Hmx2 (Fig. 5B ) marked all rostral 5HT neurons, while Hmx3 expression was observed in a subpopulation of rostral 5HT neurons (Fig. 5C ). Hmx2 expression was maintained at E16.5 (Fig. 5D) , while Hmx3 transcript was detectable at a lower level at E14.5 (data not shown). The expression of these genes provides a molecular signature of serotonergic neurons in the rostral hindbrain. Verification of Pou3f1, a POU homeodomain transcription factor, indicated enriched expression to a lesser extent than the Hmx genes in R ϩ (Fig. 5A ). Cluster III comprises 27 probe sets that correspond to 25 unique transcripts enriched in both R ϩ and R Ϫ cells (Table 3;  supplemental Table S10 , available at www.jneurosci.org as supplemental material). Of particular interest in this list are the engrailed homeodomain transcription factor genes, En1 and En2, which have been extensively studied for their multiple roles in nervous system development including establishment of the midbrain-hindbrain boundary, cerebellum development, axonal guidance, and dopamine neuron development and survival (Joyner, 1996; Simon et al., 2004) . Taqman RT-PCR confirmed their enrichment in R ϩ as well as R Ϫ and C Ϫ reference cell populations but not C ϩ (Fig. 5E) . In situ hybridization for En2 at E12.5 showed a broad domain of expression that spanned both sides of the midhindbrain boundary (MHB) (Fig. 5F ). Postmitotic rostral 5HT neurons have migrated from the ventricular zone by E12.5 and were situated in the En2ϩ region below the MHB. Immunohistochemical detection with a pan-engrailed antibody (Davis et al., 1991) showed strong and persistent expression of En1/En2 proteins in a subset of postmitotic rostral 5HT neurons in rhombomere 1 (r1) at least through E14.5 (Fig. 5G,H ) . These findings raise the possibility that engrailed genes play cell-autonomous roles in the differentiation and maintenance of rostral 5HT neurons.
Caudal 5HT neuron transcriptome landscape
We next examined clusters IV and V to identify transcripts enriched in caudal 5HT neurons. Cluster IV comprises 300 probe sets, which correspond to 270 unique transcripts and 29 RIKEN cDNAs enriched in C ϩ neurons (Table 4; supplemental Table S11 , available at www. jneurosci.org as supplemental material). We identified several imprinted genes, Dlk1, Meg3, Magel2, and Copg2as2, each with severalfold-enriched expression in C ϩ . However, unlike the Hmx and En genes, whose expression was overwhelmingly enriched in rostral 5HT neurons, these C ϩ -enriched genes also showed significant but less enrichment in R ϩ cells (Dataset 2, available at www.jneurosci.org as supplemental material). These genes are members of three distinct imprinted domains present on different chromosome and thus raise the possibility that stringent regulation of gene dosage is important for proper 5HT neuron development and function. Further examination of our databases revealed an additional 70 probe sets corresponding to 43 unique imprinted genes showing expression in rostral and caudal 5HT neurons (supplemental Table S12 , available at www.jneurosci.org as supplemental material). Only three of these, Ancient, Magel2, Ddc, are reported in the Allen Brain Library list of genes with a TPH2-like expression pattern in the adult mouse brain.
Cluster V represents an additional group of serotonergic genes whose expression was enriched in both C ϩ and C Ϫ cells. This cluster comprises 146 probe sets, which corresponds to 113 unique genes and 9 RIKEN cDNAs (Table 4; supplemental Table  S13 , available at www.jneurosci.org as supplemental material). A striking feature of this profile is the numerous Hox paralogues whose expression was enriched in C ϩ and C Ϫ up to 70-fold relative to R ϩ and R Ϫ . Our array studies detected highly enriched expression of 14 Hox genes and their cofactors Meis1 and Meis 2 in C ϩ , whereas there was little or no expression of these Hox genes in R ϩ (Dataset 2, available at www.jneurosci.org as supplemental material). Hox genes are well known for their early roles in patterning morphological identities of embryonic structures along the anterior-posterior body axis (Pearson et al., 2005) , and more recently they have been implicated in repression of serotonergic fate in rhombomere 4 (Pattyn et al., 2003) and specifying spinal motor-neuron pool identity (Dasen et al., 2005) . We verified enrichment of Hox3, Hox4, and Hox5 paralogues by Taqman RT-PCR (Fig. 6 A-C) . Expression of Meis1 and Meis2 (Fig.  6 D-F ) , HoxC4 ( Fig. 6G-I ), and HoxA3 (Fig. 6 J-L) proteins was confirmed by immunohistochemistry in caudal 5HT neurons. At E12.5, Meis1/2 and HoxA3 expression spanned the caudal hindbrain and marked most caudal 5HT neurons. HoxC4 expression extended from the spinal cord and into the most posterior hindbrain thus marking only subset of caudal 5HT neurons. The expression of Hox genes was also reported in array studies of differentiated 5HT neurons derived from a rhesus monkey embryonic stem cell line (Bethea et al., 2009 ). Together, these findings suggest Hox proteins and their cofactors play important roles in the maturation of postmitotic caudal 5HT neurons.
Gene ontology and differential pathway enrichment in rostral and caudal 5HT neurons
We compared gene set enrichment in R ϩ versus C ϩ expression profiles to further explore the potential functional and metabolic differences between rostral and caudal 5HT neurons. Numerous gene sets were differentially enriched in R ϩ and C ϩ neurons, including those associated with intracellular signaling pathways, GPCR pathways, channel activity, integrin pathways, axon guidance, and ion transport. Gene sets associated with several metabolic pathways were also differentially enriched in either R ϩ or C ϩ , thus further indicating major differences in R ϩ and C ϩ gene expression and further supporting possibility of significant physiological differences in these serotonergic cell types (Table 5, 
Discussion
This study reports the isolation of postmitotic 5HT neurons from the embryonic mouse hindbrain by flow cytometry and the use of these cells to profile 5HT neuron gene expression. Our array studies detected expression of ϳ9000 unique gene products in E12.5 5HT neurons with enriched expression of nearly 800 of these genes. The number of unique genes we detected as expressed in 5HT neurons corresponds strikingly well to the ϳ10,000 unique genes that are expressed in a single Aplysia 5HT interneuron. Few of the most highly enriched 5HT expressed genes, however, were common to these two kinds of 5HT neurons (Moroz et al., 2006) . We identified 250 genes whose expression was comparably enriched in both rostral and caudal 5HT neurons and therefore these genes represent potential new markers of developing 5HT neurons. Several of these genes encode proteins with well defined functions in other neural and nonneural cell types. We also detected enriched expression of noncoding RNAs and genes encoding potential proteins whose functions are not predictable from primary structure. Furthermore, gene set enrichment analysis identified potential signaling and biological pathways in 5HT neurons that may support specialized functional roles of these cells. Our findings provide an unprecedented knowledge of the expressed genetic architecture of 5HT neurons and continued verification will sharpen our understanding of this architecture.
5HT neurons are anatomically and functionally heterogeneous but the molecular mechanisms that determine these distinctions are obscure because of a lack of comprehensive expression profiling of these cells. Our findings demonstrate deep molecular and biological pathway distinctions between neurons that give rise to the ascending and descending serotonergic subsystems. Previous immunohistochemical studies have reported the differential expression of a small number of genes encoding various neuropeptides, receptors and the transmitters GABA and glutamate in adult 5HT neurons (Chan-Palay et al., 1978; Hökfelt et al., 1978 Hökfelt et al., , 2000 Belin et al., 1983; Day et al., 2004; Lacoste et al., 2006) . The Allen Institute identified 248 genes with a Tph2-like expression pattern in adults, but it is not known whether these genes are differentially expressed in developing rostral and caudal 5HT neurons. Here we demonstrate the power of whole-genome profiling of purified embryonic 5HT neurons by identifying ϳ500 genes with major expression differences between developing rostral and caudal 5HT neurons. Many of these genes encode various types of transcription factors, although we also detected differential expression of genes encoding ion channels, intracellular signaling factors, and axonal guidance cues. Rostral and caudal 5HT neurons also display differential enrichment of gene sets that suggest different biological pathways operate in these two anatomically defined populations of 5HT neurons. These findings substantiate the concept derived from genetic fate mapping of 5HT progenitors (Jensen et al., 2008 ) that despite their common neurotransmitter character distinct developmental programs generate 5HT neurons in the rostral and caudal hindbrain.
The differential expression of numerous homeodomain (HD) genes, including En1, En2, Hmx2, and Hmx3 in rostral 5HT neurons and several Hox in caudal 5HT neurons raises the possibility that different intrinsic transcriptional cascades comprising different HDs may operate in developing postmitotic 5HT neurons. Hmx2 and Hmx3 are required for inner ear development and differentiation of specific hypothalamic neuronal cell types (Wang et al., 2004 ) but they have not been investigated for a role in 5HT neuron development. En1, 2 are required in a redundant manner for 5HT neuron development (Simon et al., 2005) . As En expression was reported to be undetected in 5HT neurons these findings were interpreted as indicating a cell nonautonomous role for En1, 2 in 5HT neuron development. However, more recent intersectional/subtractive genetic cell fate mapping studies have demonstrated that a pool of En ϩ progenitors in r1 give rise to all 5HT neurons that populate the adult B4, B6, and B7 raphe nuclei as well as some 5HT neurons in the B5 and B8 median raphe and B9 nuclei (Jensen et al., 2008) . In addition, our array, RT-qPCR and immunohistochemical verification findings presented here indicated highly enriched expression of En1 and En2 in an anterior subset of postmitotic rostral 5HT neurons in r1. Together, these findings strongly suggest that rather than playing a cell nonautonomous role, En1/2 genes have intrinsic roles in rostral 5HT neurons.
Our array and verification studies showed highly enriched expression of Hmx2 and Hmx3 in rostral 5HT neurons with no detectable expression of these genes in caudal 5HT neurons. Furthermore, Hox expression was detected in caudal 5HT neurons but not in rostral ones. Thus, rostral 5HT neurons can be defined as an Hmx ϩ subtype and caudal 5HT neurons as a Hox ϩ subtype. Our findings also define two rostral postmitotic 5HT neuron subtypes (Hmx ϩ En ϩ and Hmx ϩ En Ϫ ) based on the differential expression of En1/2 hence corroborating evidence (Jensen et al., 2008) for serotonergic heterogeneity even greater than suggested by simple rostral and caudal anatomical distinctions. An important question to address experimentally is whether or not En1/2 and the other HD expression constitute an HD code that is required in specific subsets of postmitotic 5HT neurons to direct and maintain heterogeneous programs of serotonergic differentiation, cell body migration, axonal trajectories, or electrophysiological properties.
Our transcriptome studies have identified many previously unrecognized serotonergic genes with potential roles in disease pathogenesis. Of particular interest are the cell adhesion genes, Cntnap2, Nrxn1, and Cdh10, which we have shown here to be expressed in 5HT neurons and whose common and rare genetic variants have been associated with autism susceptibility (Arking et al., 2008; Kim et al., 2008; Wang et al., 2009 ). These genes can now be investigated to determine what role they play in 5HT neurons and whether their disrupted function results in specific disease endophenotypes. Thus, our databases provide a unique bioinformatics resource to help determine serotonergic expression of genes identified in human psychiatric genome association and linkage studies.
Interestingly, we found expression of 43 different imprinted genes in rostral and caudal 5HT neurons (supplemental Table 12 , available at www.jneurosci.org as supplemental material), of which 19 were enriched in 5HT neurons. There are 131 currently known mouse imprinted genes including snoRNAs and miRNAs (http://www.har.mrc.ac.uk/). Many imprinted genes are expressed in the brain and are thought to play critical roles in neurodevelopmental disorders such as autism (Wilkinson et al., 2007) . Serotonergic expression of imprinted genes, however, has not been investigated and thus our findings raise the intriguing concept that maternal versus paternal gene expression dosage is important for normal serotonergic function and serotonergic modulation of behavior. An interesting example is Magel2, a paternally imprinted gene that encodes a member of MAGE domain family of proteins (Barker and Salehi, 2002) that is nearly fivefold enriched in C ϩ . Magel2 and necdin, another MAGE domain imprinted gene, are located near one another in the chromosomal 15q11-q13 region, which when deleted from the paternal allele results in Prader-Willi syndrome (PWS) and when deleted from the maternal allele results in Angelman syndrome (Horsthemke and Wagstaff, 2008) . Among the many behavioral and physiological defects present in children with PWS are severe respiratory abnormalities including frequent apneas and irregular rhythms (Nixon and Brouillette, 2002) . Recent studies in mice have shown that Necdin is also expressed in developing and adult 5HT neurons (Zanella et al., 2008) and as shown here (Dataset 2, available at www.jneurosci.org as supplemental material) at least as early as E12.5. Loss of Necdin function in mice results in defects in 5HT neuron axonal outgrowth and transmitter vesicles (Lee et al., 2005; Zanella et al., 2008) . In addition, Necdin Ϫ/Ϫ mice have respiratory deficits that resemble those in PWS (Ren et al., 2003; Zanella et al., 2008) and is consistent with our finding of severe respiratory deficits in 5HT deficient Pet-1 Ϫ/Ϫ neonates (Erickson et al., 2007) . Similarly, Magel2
Ϫ/Ϫ mice have serotonergic deficits ) and therefore combined loss of function of Necdin and Magel2 in 5HT neurons may contribute to the respiratory deficits seen in PWS. Further support for an important role of Magel2 in 5HT neuron development is the additional behavioral similarities of Pet-1 Ϫ/Ϫ and Magel2
Ϫ/Ϫ mice, including increased anxiety in novel environments and maternal behavior defects . The latter abnormality is likely to account for the poor survival of neonates born to Magel2 Ϫ/Ϫ dams and is consistent with recent findings from our laboratory using Pet-1 Ϫ/Ϫ females ( Lerch-Haner et al., 2008) and confirmed with TPH2 nulls (Alenina et al., 2009 ) that brain 5HT is critical for reproductive success. Finally, the PWS imprinted region contains several other imprinted and nonimprinted genes. Examination of our array database indicates serotonergic expression of additional genes in this region including the imprinted genes, MKRN3, SNRF/ SNRPN, UBE3a, and the biallelically expressed GABRB3 gene. Together, these findings suggest expression of the 15q11-q13 region may play an important role in 5HT neuron development and its altered dosage in these cells may contribute to neurodevelopmental disorders.
In conclusion, we have identified numerous potential new determinants of 5HT neuron development and function including several homeodomain-encoding genes whose differential expression offers a molecular classification of 5HT neuron subtypes. Our findings provide a wealth of new knowledge and experimentally testable hypotheses about the genetic networks that generate serotonin neuron subtypes and the potential roles of serotonergic genes in disease pathogenesis.
